Why compensating fibre nonlinearity will never meet capacity demands by Lavery, Domanic et al.
1Why compensating fibre nonlinearity will never
meet capacity demands
Domanic¸ Lavery, Robert Maher, David Millar, Alex Alvarado, Seb J. Savory, and Polina Bayvel
Abstract—Current research efforts are focussed on over-
coming the apparent limits of communication in single
mode optical fibre resulting from distortion due to fibre
nonlinearity. It has been experimentally demonstrated that
this Kerr nonlinearity limit is not a fundamental limit;
thus it is pertinent to review where the fundamental
limits of optical communications lie, and direct future
research on this basis. This paper details recently presented
results [1]. The work herein briefly reviews the intrinsic
limits of optical communication over standard single mode
optical fibre (SMF), and shows that the empirical limits
of silica fibre power handling and transceiver design
both introduce a practical upper bound to the capacity
of communication using SMF, on the order of 1 Pbit/s.
Transmission rates exceeding 1 Pbit/s are shown to be
possible, however, with currently available optical fibres,
attempts to transmit beyond this rate by simply increasing
optical power will lead to an asymptotically zero fractional
increase in capacity.
I. INTRODUCTION
The last two decades have seen extraordinary increases
in both the demonstrated information carrying capability
of single mode optical fibres (SMF) and the efficiency
with which the optical spectrum is used, which raises
the following questions: i) Is there a maximum rate
at which information can be transmitted in an optical
fibre, and ii) If there is a limit, can it be quantified?
To answer these questions, it is tempting to use the
approach taken in, e.g., [2], [3], which studies the
transmission system in Fig. 1(a). Here, two distinct noise
sources are considered: amplified spontaneous emission
(ASE) noise from optical amplifiers, and interference
due to the power-dependent nonlinear signal distortion.
Although the nonlinear distortion is deterministic, these
works assume that the nonlinear distortion is uncom-
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Fig. 1. (a) A multi-span transmission system, (b) a multi-span trans-
mission system, which uses optical-electrical-optical regeneration
after each span, and (c) the transmission system under consideration,
which is a subset of transmission system (b). As noted in [9], the
signal-to-noise ratio limit of this system is equivalent with or without
an optical amplifier prior to the receiver.
pensated1, and, therefore, both the ASE and nonlinear
distortions can be treated as additive white Gaussian
noise (AWGN). The assumption of uncompensated non-
linear interference results in an achievable information
rate (AIR) in these models, but not the highest AIR;
that is, these works lower bound optical fibre capacity.
Indeed, these rates have been experimentally shown to be
achievable, and these works (and derivative works which
also employ perturbative nonlinear noise models) are
frequently used to accurately estimate the performance
of optical transmission systems. However, by mitigating
the nonlinear interference in the receiver, it is now trivial
to demonstrate transmission throughputs beyond these
lower bounds [4].
More recently, Kramer, Yousefi and Kschischang [5],
[6] showed that an upper bound for this maximum
achievable rate is simply the limit of communication
in a linear AWGN channel with ASE noise, only. That
is, the nonlinear interference in SMF cannot be used to
overcome the limits to optical communication imposed
by AWGN. One could, of course, use nonlinear elements
1That is, the signal-signal nonlinear interaction is determininistic,
although the signal-ASE nonlinear interactions are not. These works
assume that neither interaction is compensated.
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2to increase the achievable information rate beyond the
limit imposed by ASE noise, and a simple example of
such a nonlinear element is an optical-electrical-optical
(OEO) regenerator, as in Fig. 1(b).
The use of such idealised regenerators reduces the
performance analysis of a multi-span system to that
of a single fibre span (Fig. 1(c)). It has been shown
that, in single span transmission systems, a maximum
likelihood receiver can, in some circumstances, ideally
detect a nonlinearly distorted signal, returning the system
performance to the AWGN channel limit [7]. In optical
communication systems, shot noise – or, photon noise –
introduces noise in all classical receivers (i.e., a receiver
which does not take account of quantum effects). Thus,
the data processing inequality, which states that the
information content of a signal cannot increase by any
local physical operation, inherently limits the maximum
achievable rate for any optical communication system to
the limit imposed by the noise introduced by a receiver.
In this paper, we further analyse this observation using
the model in Fig. 1(c) under the assumption of an
infinitesimally short length of fibre, and examine the
implications for future optical communications systems.
II. REVISITING THE STANDARD QUANTUM LIMIT
Claude Shannon, in his seminal work, defined ca-
pacity as the maximum rate at which information can
be transmitted can be transmitted through a channel,
with an arbitrarily low error rate [8]. A great deal of
work was undertaken between the 1960s and late 1980s
investigating the physical limits of capacity in bosonic2
communication channels. The classical (as opposed to
quantum) limits of communication are considered herein,
as summarised in the work of Caves and Drummond
[10]. In particular, we focus on the ‘standard quantum
limit’, which is itself derived from the classical Shannon
capacity limit for an AWGN channel.
The capacity of an AWGN channel under an average
power constraint is C = B log2(1 + γs), where B is
the signal bandwidth and γs is the signal-to-noise ratio
(SNR). Observing that shot noise follows a Gaussian
distribution for large numbers of incident photons, it is
possible to define a meaningful SNR for a shot noise
limited system. This is given by γs = Ps/hνB where
Ps is the received signal power, h is Planck’s constant
[9], and ν is the carrier frequency. The combination of
2In this context, this refers to communication using photons.
these formulae is the standard quantum limit3
C = B log2
(
1 +
Ps
hνB
)
. (1)
This master formula is used for the results in the fol-
lowing section, and is a function of both bandwidth and
power. The following results consider linear transmission
of a dual polarisation signal, and this can therefore be
included by simply doubling the available bandwidth,
without loss of generality.
III. CAPACITY UPPER BOUNDS
The curves in Fig. 2 show the capacity, C, versus
received optical power, Ps, for dual polarisation optical
signals with a finite bandwidth, B. The bandwidths
considered are the combined C- and L-band (15 THz),
and the combined O-, E-, S-, C-, L- and U-bands
(50 THz). The latter curve is approximately the full fibre
bandwidth, limited by the single mode cut-off at low
wavelengths, and parasitic infrared absorption at the high
wavelengths.
To place some perspective on these capacity curves,
we consider the recently demonstrated experimental re-
sults from Sano et al. [11] using 11.2 THz bandwidth
from the C- and L-bands, which achieved a through-
put of 102.3 Tbit/s (over 240 km optical fibre) using
an aggregate optical signal power of 33.9 mW4. For
this optical power, the standard quantum limit in a
15 THz bandwidth indicates a capacity upper bound of
393.1 Tbit/s; less than a factor of four greater than the
experimental demonstration. For the fraction of the C-
and L-band used in this work (11.2 THz), the exper-
imental demonstration is less than a factor of 3 from
this theoretical limit, as shown in Fig 2. Due to the
logarithmic dependence of capacity on power, the frac-
tional increase in capacity for each doubling of optical
power tends asymptotically to zero. In other words, there
are diminishing returns when increasing optical power
to increase capacity. In the same bandwidth (15 THz),
the minimum received power required to achieve a
capacity of 100 Tbit/s is less than 1 mW. However, to
achieve a factor of 10 increase in capacity (1 Pbit/s) in
3A note of caution here, that as the bandwidth tends to infinity,
or when the optical power tends towards zero, this formula loses
physical meaning, as the quantum nature of light must be considered.
4This experimental demonstration used backward pumped Raman
amplification, which applied distributed gain to the signal over each
span. Therefore, when quoting the achieved transmission rates in
Fig. 2, the launched signal power is used. This potentially overesti-
mates the equivalent received optical power but, given the logarithmic
dependence of capacity on power, this correction factor can be
considered small.
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Fig. 2. Capacity upper bounds for 11.2, 15 and 50 THz channels. The marker indicates an experimentally demonstrated result, achieved
in an 11.2 THz bandwidth (Sano et al. [11]). Transmission in all cases assumes the use of both orthogonal polarisation states supported by
‘single mode’ optical fibre. The thick vertical reference line indicates the solar luminosity [15].
the same bandwidth, the optical power requirement is
approximately 105 W.
As noted in [12], and indicated above, any optical
power restriction, whether practical or fundamental, will
ultimately bound the optical fibre capacity. There exist
empirical limits to optical fibre communication, such as
fibre fuse [13], where high input optical powers cause
localised heating of defects in silica, leading to catas-
trophic and unrecoverable failure of an optical fibre. This
issue has previously been noted [14], and research into
the power handling limits of optical fibres is ongoing.
Strikingly, however, increasing the optical fibre power
handling by several orders of magnitude (from watts to
kilowatts) appears unlikely to significantly impact on this
capacity upper bound. One must then ask how much
optical power is justifiable to seek future increases in
optical fibre capacity.
Alternatively, increasing bandwidth approximately
scales the capacity linearly (see discussion in appendix).
Combined C- and L-band transmission requires pro-
hibitively high optical powers to achieve 1 Pbit/s, how-
ever transmission using the full fibre bandwidth (50 THz)
achieves 1 Pbit/s with a minimum required optical power
of approximately 10 mW; eminently achievable. To
achieve a capacity one order of magnitude above this
figure (i.e., 10 Pbit/s), would, again, require prohibitively
high received optical powers (1.8 × 1025 W); in this
scenario, an optical power approaching the luminosity
of the sun [15]. As significant bandwidth scaling beyond
this is infeasible in SMF, we consider 1 Pbit/s to be a
practical upper bound on the capacity of communication
over SMF.
IV. CONCLUSIONS
There are a number of apparent limits to the capacity
of optical communication over single mode optical fibre,
but many of these limits are empirical, rather than
fundamental. In recent years, much research effort has
been invested in overcoming distortions introduced due
to the Kerr nonlinearity; and rightly so. However, it must
be recognised that the gains in transmission throughput
that can be achieved by fibre nonlinearity mitigation
are upper bounded not merely by the properties of the
transmission medium, but by the nature of light itself.
Recent experimental demonstrations of throughput in
a single fibre core are within a factor of four of the
standard quantum limit for combined C- and L-band
transmission [11], but the optical power required to
significantly increase the throughput beyond this limit
is prohibitive. To address this fundamental issue, there
needs to be a paradigm shift in optical communications,
exploring significantly wider bandwidths and parallel
transmission channels.
APPENDIX
It is noted in the preceding text that, to a first approx-
imation, the capacity increases linearly with bandwidth.
The purpose of this appendix is to justify that assertion,
and identify the regime in which this approximation is
valid. Consider Eq. (1), which is a function of bandwidth,
B, appearing both inside and outside the logarithm. To
evaluate the impact of signal bandwidth on capacity,
one can take the derivative of Eq. (1) with respect to
bandwidth, which, using the product rule, evaluates as
4follows
∂C
∂B
=B
∂
∂B
(
log2
(
1 +
Ps
hνB
))
+ log2
(
1 +
Ps
hνB
)
.
(2)
In the limit that (Ps/hνB) 1, this becomes
∂C
∂B
= log2
(
Ps
hνB
)
− 1
loge(2)
. (3)
Evaluating Eq. (3), it can be seen that, although the
gradient changes rapidly for small values of B, over
the bandwidth considered in this work (between the
15 THz and 50 THz) this function can be approximated
as stationary.
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